Patients with culprit plaque rupture are known to have pancoronary plaque vulnerability. However, the characteristics of nonculprit plaques in patients with acute coronary syndromes caused by plaque erosion are unknown.
F or decades, pathology reports have shown that there are 3 major underlying mechanisms for sudden cardiac death: plaque rupture, plaque erosion, and calcified nodule.
1,2 Several groups have reported in vivo diagnoses of these underlying pathologies in patients with acute coronary syndrome (ACS) using optical coherence tomography (OCT), a high-resolution intracoronary imaging modality. 3, 4 Previous OCT studies have also demonstrated that patients with culprit plaque rupture have greater pancoronary vulnerability than those without rupture. 5 Compared with plaque rupture, plaque erosion is associated with a lower prevalence of vulnerable plaque features at the culprit lesion. [6] [7] [8] However, to our knowledge, the characteristics of nonculprit plaques in patients with plaque erosion have not been studied. In this study, we aimed to investigate the differences in nonculprit plaque phenotype according to the culprit plaque pathology (erosion vs rupture) by 3-vessel OCT imaging.
Methods

Study Population
Between August 2010 and May 2014, 162 patients with ACS who underwent preintervention OCT imaging of all 3 major epicardial coronary arteries were identified in the Massachusetts General Hospital OCT Registry, which is an international, multicenter registry of patients who have undergone intracoronary OCT involving 20 sites across 6 countries. Patients with instent restenosis (n = 18), imaging after predilatation (n = 24), poor image quality (n = 12), short pullback (n = 5), and incomplete demographic, clinical, or imaging data (n = 21) were excluded. The analysis included 82 patients. Diagnosis of ACS included ST-segment-elevation myocardial infarction and non-ST-segment elevation ACS, as previously described. 4 The culprit lesion was identified based on angiographic findings, electrocardiogram changes, and/or left ventricular wall motion abnormalities. In patients with multiple stenoses, the lesion with the most severe stenosis or with evidence of recent plaque disruption, including filling defect suggestive of thrombus on angiogram, was determined as the culprit lesion. The Massachusetts General Hospital OCT Registry was approved by the institutional review board at each participating site, and all patients provided written informed consent before enrollment.
Coronary Angiography Analysis
Quantitative coronary angiography analysis was performed using Cardiovascular Angiography Analysis System, version 5.10.1 software (Pie Medical Imaging BV). The minimal lumen diameter, reference vessel diameter, diameter stenosis, and length of the culprit and nonculprit lesions were measured.
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The severity and extent of coronary stenosis was assessed using the Gensini scoring system.
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Optical Coherence Tomography Image Acquisition and Analysis
Optical coherence tomography examination was performed using either a frequency-domain (C7-XR, OCT Intravascular Imaging System; St Jude Medical) or time-domain (M2/M3 Cardiology Imaging Systems; LightLab Imaging Inc) OCT system, as previously reported. 11, 12 All OCT images were submitted to the Cardiology Laboratory for Integrative Physiology and Imaging at Massachusetts General Hospital and analyzed by 2 independent investigators who were blinded to clinical, angiographic, and laboratory data, using an offline review workstation (St Jude Medical). Any discordance was resolved by consensus with a third reviewer. All plaques were identified by OCT as segments with luminal narrowing and a loss of the normal 3-layered structure of the vessel wall. 12,13 A distance of at least 5 mm on the longitudinal view was necessary to consider 2 plaques separated. Cross-sectional OCT images were analyzed at 1-mm intervals. Proximal and distal references were identified as the sites with the largest lumen area proximal and distal to the stenosis, but within the same segment, and mean reference lumen area was calculated. Findings In this cohort study, patients with culprit plaque erosion had a smaller number of nonculprit plaques and a lower prevalence of rupture, macrophage accumulation, microvessels, and spotty calcium in the nonculprit lesions.
Meaning Patients with culprit plaque erosion had lower levels of pancoronary vulnerability than those with culprit plaque rupture.
attenuation of underlying plaque by thrombus without superficial lipid or calcification immediately proximal or distal to the site of thrombus. 4 In patients with multiple stenoses, the lesion with the most severe stenosis and/or with evidence of recent plaque disruption, including thrombus, was determined as the culprit plaque. All cases were classified based on the features of the culprit lesions into 3 groups: rupture, erosion, and others, which included calcified nodule and tight stenosis in the absence of any evidence of plaque rupture or erosion. Plaque characteristics at the culprit and nonculprit lesions in all 3 major epicardial coronary arteries were compared between patients with culprit rupture and those with culprit erosion. Those that did not meet the criteria of culprit rupture or erosion were excluded from the analysis. Representative cases of ACS caused by plaque erosion and plaque rupture are shown in Figure 1 .
Statistical Analysis
All analyses were performed using SPSS Statistics, version 21.0 software (IBM Corp). Categorical data were expressed as absolute frequencies and percentages and compared using the χ 2 test or Fisher exact test, as appropriate. Continuous variables were expressed as mean (SD) for normally distributed variables and as median (interquartile range) for nonnormally distributed variables and compared using the t test, Mann-Whitney test, or 1-way analysis of variance as appropriate. Intraobserver and interobserver differences were quantified using the κ coefficient of agreement for the plaque classification. Comparisons of plaque characteristics among different groups were carried out using generalized estimating equations to take into account potential cluster effects of multiple plaques in a single patient. A 2-sided P value of less than .05 was considered statistically significant.
Results
Patient Characteristics
A total of 82 patients with ACS who underwent preintervention 3-vessel OCT imaging were enrolled. Among them, 17 patients (21%) had culprit plaque erosion, and 34 patients (41%) had culprit plaque rupture. Thirty-one patients, including 2 patients with calcified nodule and 29 patients with tight stenosis in the absence of culprit rupture or erosion, were classified as others and excluded from further analysis. Among 51 patients included in the analysis, 24 were also included in our previous study, 5 and 27 new patients were added. Patient characteristics are summarized in Table 1 . Although the difference did not reach the statistical significance, ST-segment elevation myocardial infarction tended to be more frequent in patients with culprit rupture. No significant differences were found in other baseline characteristics between patients with culprit erosion and those with culprit rupture. 
Angiographic Findings
Angiographic findings are summarized in eTable 1 in the Supplement. Lesion distribution of both the culprit and nonculprit lesions was not significantly different between the groups. Patients with culprit erosion had less diameter stenosis in the nonculprit lesions than those with culprit rupture, despite similar degree of diameter stenosis in the culprit lesions. Gensini score tended to be lower in patients with culprit erosion.
Optical Coherence Tomography Findings
The mean (SD) total length of analyzed OCT pullbacks was 201 (44) None of the patients with culprit erosion had nonculprit plaque rupture, whereas 9 patients with culprit rupture had nonculprit plaque rupture (prevalence of nonculprit rupture, 0% vs 26%; P = .02) The results of patient-based analysis of the nonculprit plaques are demonstrated in eTable 2 in the Supplement. The results of plaque-based analysis of the nonculprit plaques are shown in Figure 2 and Table 3 . The culprit erosion group had a lower prevalence of plaque rupture, macrophage accumulation, microvessels, calcification, and spotty calcium in comparison with the culprit rupture group (Figure 2) . The lipid arc, lipid index, FCT, and minimal lumen area did not differ significantly between the 2 groups ( Table 3) .
The culprit rupture group was further divided into 2 subgroups: with nonculprit plaque rupture and without nonculprit plaque rupture. The subgroup with nonculprit plaque rupture showed more characteristics of vulnerability than those without nonculprit plaque rupture, ie, the prevalence of lipid-rich plaque, TCFA, and thrombus was higher (eFigure in the Supplement), and lipid burden was greater with thinner FCT (Table 3) . Another subgroup analysis was performed in the culprit rupture group: patients with and without macrophage accumulation at the ruptured culprit plaque (eTable 3 in the Supplement). Patients with macrophage accumulation at the ruptured culprit plaque had a higher prevalence of lipid-rich plaque and TCFA in the culprit lesions and a similar trend in the prevalence of lipid-rich plaque and macrophage accumulation in the nonculprit lesions compared with those without macrophage accumulation.
Excellent intraobserver and interobserver agreement was observed in the identification of lipid-rich plaque (κ, 0.97 and 0.96, respectively), TCFA (κ, 0.97 and 0.93), plaque rupture (κ, 0.97 and 0.92), and plaque erosion (κ, 0.98 and 0.96) .
Discussion
This study demonstrated that (1) patients with culprit plaque erosion had smaller number of nonculprit plaques; and (2) nonculprit plaques in patients with culprit erosion had less frequent plaque rupture, macrophage accumulation, microvessels, and spotty calcium than those in patients with culprit rupture. Angiographic diameter stenosis does not always reveal coronary atherosclerosis because atherosclerosis begins with remodeling and enlargement of the vessel. 31 The strength of OCT imaging is its capability to detect plaques, even in the early phase of coronary atherosclerosis. Compared with culprit lesions, nonculprit lesions consist of plaques with a wide range of stenosis from mild to severe. Therefore, we did not incorporate the degree of area stenosis or diameter stenosis in the definition of nonculprit plaque in this study. Indeed, patients with culprit erosion showed less severe stenosis and less vulnerability in nonculprit plaques compared with those with culprit rupture as evidenced by the smaller number of nonculprit plaques and the lower prevalence of rupture, macrophage infiltration, microvessels, and spotty calcium. Although the difference in the prevalence of TCFA, cholesterol crystals, and thrombus in nonculprit plaques did not show statistical significance between the 2 groups, the prevalence was 2 to 3 times higher in the culprit rupture group compared with the culprit erosion group. Our results are in line with the previous reports that described the primary underlying mechanism of plaque erosion. 35 An OCT study demonstrated the association between the presence of plaque erosion and elevated levels of serum myeloperoxidase, a marker of neutrophil activation. 36 These data imply that local endothelial damage rather than widespread coronary arterial inflammation initiates ACS owing to plaque erosion.
Features of Vulnerability in Nonculprit Plaques in Patients With Culprit Rupture
In this study, we performed 2 subanalyses in the culprit rupture group. In the subanalysis regarding the presence of nonculprit rupture, the subgroup with nonculprit plaque rupture showed a higher prevalence of lipid-rich plaque, TCFA, and thrombus than those without nonculprit plaque rupture. These findings are consistent with previous studies demonstrating that the presence of nonculprit plaque rupture is associated with markers of greater plaque vulnerability. 12,37 In the analysis regarding macrophage accumulation at the culprit lesion, patients with macrophage accumulation had a higher prevalence of lipid-rich plaque and TCFA in the culprit lesions and a similar trend in the prevalence of lipid-rich plaque and macrophage accumulation in the nonculprit lesions compared with those without macrophage accumulation. A 2017 OCT study 38 reported that plaque rupture with macrophage accumulation was associated with elevated levels of high-sensitivity Creactive protein and macrophage accumulation in both culprit and remote lesions compared with those without macrophage accumulation, indicating that plaque rupture can be caused by either predominant inflammatory or noninflammatory prosesses. 38 The main difference between the referenced study and ours was that both culprit and nonculprit plaque characteristics were evaluated in our study, whereas only culprit plaque characteristics were analyzed in the referenced study.
Clinical Implications
The underlying pathogenic mechanism of ACS may affect the outcomes in patients with ACS. Compared with patients with ruptured culprit plaque, those with eroded culprit plaques may be associated with a higher incidence of non-ST-segment elevation ACS, 4 lower frequency of no-reflow phenomenon af- Limitations First, this is a retrospective observational study from a registry database; therefore, selection bias may have influenced the results. Second, because 3-vessel OCT imaging depends on patients' hemodynamics and anatomy, practical difficulty in patients with ACS resulted in a limited sample size. Third, this study used 2 different OCT systems (time-domain and frequent-domain OCT). However, the distribution of plaque morphology examined by each system did not differ significantly between the 2 groups. Fourth, the ability of OCT to detect lipid has been questioned. 45, 46 However, the histology validation study showed high sensitivity and specificity. 47 We also reviewed adjacent image frames to minimize the chance of misinterpretation. 48 Fifth, the OCT system cannot image endothelial cells despite its high resolution. 49 Therefore, diagnosis of OCT-derived erosion rested primarily on the exclusion criterion of the absence of fibrous cap rupture. Finally, this study did not evaluate clinical outcomes.
Conclusions
In this study, compared with patients with culprit plaque rupture, patients with ACS and culprit plaque erosion had a smaller number of nonculprit plaques with the lower levels of panvascular instability, affirming that distinct pathophysiologic mechanisms operate in plaque erosion and plaque rupture. These observations support the notion that different treatment strategies may apply to these 2 types of patients. Author Contributions: Dr Jang had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. Role of the Funder/Sponsor: The funding sources had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication. 
